The cAMP response element-binding protein (CREB) gene transcription factor has been shown to play a role in the synaptic plasticity associated with drug addictive behaviors; however, the causal role of the CREB gene in alcohol-drinking behaviors is unknown. The present investigation evaluated alcohol-drinking behaviors in mice that are haplodeficient in CREB as a result of targeted CREB (␣ and ⌬) gene disruption. It was found that CREB-haplodeficient (ϩ/Ϫ) mice have higher preference for ethanol but not for sucrose solution than wild-type (ϩ/ϩ) littermates. The functional aspects of the CREB gene transcription factor were also investigated by measuring the protein levels of phosphorylated CREB (p-CREB) and the expression of cAMP-inducible genes such as neuropeptide Y (NPY) and brain-derived neurotrophic factor (BDNF). Deletion of the CREB (␣ and ⌬) gene significantly decreases total CREB, p-CREB levels and the expression of NPY and BDNF in the brain structures of CREB-deficient (ϩ/Ϫ) mice. It was also found that CREB-deficient (ϩ/Ϫ) mice displayed more anxiety-like behaviors and that acute ethanol exposure produced anxiolytic effects and significantly increased protein levels of p-CREB and NPY in the central and medial but not in the basolateral amygdala of wild-type mice, but these effects are attenuated in CREB-deficient mice compared with wild-type mice. These results provide the first direct evidence that a haplodeficiency of the CREB gene is associated with increased alcohol-drinking behaviors. Furthermore, alcohol drinking and anxiety-like behaviors in CREBhaplodeficient mice may possibly be related to decreased expression of NPY and BDNF in the brains of these mice.
Introduction
Alcohol addiction is a major public health concern worldwide (National Institute on Alcohol Abuse and Alcoholism, 1993) . Genetically, alcohol addiction represents a complex disease, and the available evidence suggests that genetic factors play an important role in the development and maintenance of alcoholdrinking behaviors (Cloninger, 1987; Thome et al., 2000; Radel and Goldman, 2001) . Furthermore, higher innate anxiety levels play a crucial role in the initiation and maintenance of alcoholdrinking behaviors, and this may be related to the anxiolytic action of ethanol (Bibb and Chambless, 1986; Koob, 2003; Pandey, 2003) . The molecular mechanisms responsible for this association are unkown. The cAMP response element-binding protein (CREB) gene transcription factor represents an important molecular link between neurotransmitter receptor activation and the orchestration of gene expression (Silva et., 1998; Nestler, 2001; Lonze and Ginty, 2002) . Functionally, CREB is regulated via phosphorylation at serine-133 by cAMP-dependent protein kinase A (PKA), by Ca 2ϩ /calmodulin-dependent protein kinases, and by ribosomal S 6 kinase via mitogen-activated protein kinase (Silva et al., 1998; Impey et al., 1999; Soderling, 1999; Lonze and Ginty, 2002) . Phosphorylated CREB regulates the expression of several downstream cAMP-inducible genes such as neuropeptide Y (NPY) and brain-derived neurotrophic factor (BDNF) (Shieh et al., 1998; Lonze and Ginty, 2002; McClung and Nestler, 2003; Pandey, 2003) .
Alterations in the phosphorylation of CREB (serine-133) and in the expression of NPY and BDNF in several brain structures have been shown to be associated with the process of alcohol tolerance and dependence (MacLennan et al., 1995; Yang et al., 1998; Misra et al., 2001; Bison and Crews, 2003; Pandey et al., 2003b) . It has been shown that ethanol withdrawal after chronic ethanol exposure leads to significant reductions in CREB phosphorylation and NPY protein levels in various rat brain structures, and decreased CREB phosphorylation and NPY expression in the central amygdala (CeA) might be associated with anxietylike behaviors during ethanol withdrawal (Pandey et al., , 2003b Zhang and Pandey, 2003) . It has also been found that CREB expression and phosphorylation as well as NPY protein levels are lower in amygdaloid brain structures of alcoholpreferring (P) rats compared with alcohol-nonpreferring (NP) rats (Hwang et al., 1999; Pandey et al., 1999) . Interestingly, P rats display more anxiety-like behaviors and have higher ethanol preference than NP rats Stewart et al., 1993) . More recently, it was found that infusions of PKA inhibitor in the cen-tral amygdala decreased CREB phosphorylation and NPY expression and also provoked anxiety-like behaviors and increased alcohol preference in rats (Pandey et al., 2003b) . These previous studies support the notion that CREB and CREB-related target genes may be associated with both anxiety and alcohol preference; however, these studies do not establish a causal role for the CREB gene in alcohol-drinking behaviors or in comorbidity with anxiety behaviors.
To delineate the direct role of CREB in several physiological conditions, mice with targeted gene mutations encoding for CREB have been developed (Bourtchuladze et al., 1994; Hummler et al., 1994; Maldonado et al., 1996) . It has been shown that this mutation results in deletion of two isoforms of CREB (␣ and ⌬) in CREB knock-out mice (Hummler et al., 1994; . CREB ␣ and ⌬ are major isoforms and are highly abundant in the adult brain . Therefore, to establish the role of CREB in alcohol-drinking and anxiety-like behaviors, we used CREB ␣-and ⌬-haplodeficient mice and examined (1) the effects of deletion of the CREB ␣ and ⌬ genes on alcohol-drinking and anxiety-like behaviors using CREBdeficient (ϩ/Ϫ) and wild-type (ϩ/ϩ) littermate mice, (2) the effects of CREB deletion on the expression of CREB target genes, such as NPY and BDNF in the brain structures of CREB-deficient mice, and (3) the effects of acute alcohol on anxiety-like behaviors and on CREB phosphorylation and the expression of NPY in the amygdaloid structures of CREB-deficient and wild-type mice.
Materials and Methods
Breeding and genotyping of CREB mice. CREB (␣ and ⌬) knock-out mice were generated from 129/SVJ mice and then backcrossed with C57BL/6 mice (Bourtchuladze et al., 1994; Hummler et al., 1994) . These CREB mice were crossed several times to mice with a C57BL/6 genetic background; the heterozygotic mice then were mated with 129/SVJ mice, and the resultant heterozygous mice (F1 generation) were mated to get heterozygous and wild-type littermate mice (F2 generation). All mice used in the present study were genetically matched for their background, and only the F2 generation (mixed C57BL/6 and 129/SVJ background) male mice (3-6 months old) were used in all experiments. Genotyping was performed by PCR as described by other investigators (Bourtchuladze et al., 1994) . The DNA samples isolated from tail tips were used for PCR amplifications [93°C for 2 min; 93°C for 30 sec; 47°C for 30 sec; 72°C for 1 min (total of 40 cycles), and then 72°C for 10 min] to identify the wild-type (150 bp band) and heterozygous (150 ϩ 350 bp band) mice. The primers used were as follows: CREB 1: 5Ј-TAT TGTAGGTAACTA-AATGA-3Ј; CREB 2: 5Ј-ATGTATTTTTATACCTGGGC-3Ј; NEO: 5Ј-TGATGGATACTTTCTCGGCA-3Ј. We used CREB-haplodeficient mice because ethanol dependence in rats produces a ϳ32% reduction in CREB phosphorylation in the brain, and pharmacologically inhibiting PKA in the central amygdala produces a ϳ30% reduction in CREB phosphorylation and, in addition, increases anxiety-like behaviors and alcohol preference in rats (Pandey et al., 2003b) .
Ethanol and sucrose preference procedures. Ethanol preference was measured by the two-bottle free-choice paradigm used by us (Misra and Pandey, 2003) and other investigators (Thiele et al., 1998 (Thiele et al., , 2000 . Mice had ad libitum access to food and water in two bottles and were habituated to drink water from either bottle. Bottle positions were changed daily so that the mice would not develop a position habit. Once they started drinking water equally from either bottle, mice were provided with 7% ethanol solution in one bottle and water in the other bottle daily for 3 d, and then concentrations of ethanol were increased to 9% for 3 d and to 12% for another 3 d. Consumption of ethanol and water was measured daily at 6 P.M., and fresh water and ethanol (7, 9, or 12%) solution in water were provided every day. The mean percentage of ethanol intake and the percentage of water intake were calculated from their total fluid intake for 3 d for 7, 9, and 12% ethanol. Sucrose preference was measured by the two-bottle free-choice paradigm using a similar procedure as described above for ethanol in separate batches of CREBhaplodeficient (ϩ/Ϫ) and wild-type (ϩ/ϩ) littermate mice. They were provided with a 2% sucrose solution in one bottle and water in the other bottle daily for 3 d, and then the sucrose concentration was increased to 4% for 3 d. The mean percentage of sucrose intake and the percentage of water intake were calculated from their total fluid intake for 3 d of 2 and 4% sucrose. We also measured the body weights of mice in all experiments and found no significant differences in body weights among the genotypes.
Measurement of anxiolytic effects of ethanol by elevated plus-maze test. The CREB-haplodeficient and littermate wild-type mice were injected intraperitoneally with 2 gm/kg ethanol (ethanol diluted with normal saline) or normal saline. One hour after ethanol injection, anxiety-like behavior was measured. We also measured blood ethanol levels 1 hr after ethanol injection using an Analox alcohol analyzer (Lunenburg, MA). The elevated plus-maze (EPM) test procedure was used to measure anxiety-like behaviors as described previously (Misra and Pandey, 2003) . Total CREB, p-CREB, BDNF, NPY, and neuron-specific neuronal marker gold immunolabeling. Protein levels of CREB, p-CREB, BDNF, NPY, and neuron-specific neuronal marker (NeuN) were determined by the gold-immunolabeling histochemical procedure as described previously (Misra et al., 2001; Pandey et al., 2001 Pandey et al., , 2003b Roy and Pandey, 2002; Misra and Pandey, 2003) . The polyclonal antibodies for CREB and p-CREB (Ser-133) were purchased from Upstate Biotechnology (Lake Placid, NY). The anti-NPY antibody (Ab) was purchased from Diasorin (Stillwater, MN), and the Abs for BDNF were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The NeuN Ab was purchased from Chemicon International (Temecula, CA). Mice were anesthetized and then perfused intracardially with normal saline (40 ml), followed by 100 ml of 4% ice-cold paraformaldehyde fixative. Brains were removed and placed in fixative for 20 hr at 4°C. After fixation, brains were soaked in 10%, followed by 20% and 30% sucrose (prepared in 0.1 M phosphate buffer, pH 7.4). Brains were frozen, and 20 m coronal sections were prepared using a cryostat. These sections were then placed in 0.01 M PBS at 4°C and used for gold immunolabeling. The quantification of goldimmunolabeled protein was performed using an Image Analysis System (Loats Associates, Westminster, MD) connected to a light microscope that calculated the number of immunogold particles per 100 m 2 area of a defined brain structure at high magnification (100ϫ). The threshold of each image was set up in such a way that an area without staining would give zero counts. Under this condition, immunogold particles in the defined brain structures of three adjacent brain sections of each mouse were counted, and then values were averaged for each mouse.
In situ RT-PCR for NPY and BDNF mRNA measurements. Mouse brain sections were used to determine mRNA levels using in situ RT-PCR, as reported previously (Pandey et al., 2003b; Zhang and Pandey, 2003) . Briefly, the procedure was as follows. Floating brain sections (40 m thickness) were treated with proteinase K (1 g/ml in 1ϫ PBS containing 0.05% Triton X-100) for 15 min at 37°C and then subjected to DNase digestion. After the sections were washed with 1ϫ PBS, they were transferred to PCR tubes containing 100 l of PCR mixture (Applied Biosystems, Foster city, CA) and reverse transcribed for 1 hr at 42°C with reverse transcriptase in the presence of oligo-dT. In the negative sections, reverse transcriptase enzyme was not added. The PCR was performed with Taq DNA polymerase enzyme and 36 -38 pmol of each NPY primer (primers 5Ј-TAGGTAACAAACGAATGGGG-3Ј and 5Ј-AGGATGA-GATGAGATGTGGG-3Ј) or BDNF primer (primers 5Ј-TAACGGCGGCA GACAAAAAGACT-3Ј and 5Ј-GTGTCTATCCTTATGAATCGCCAG-CCAA-3Ј) and 1 mM each of NTP and dTTP, except that the dTTP was replaced by digoxigenin (DIG)-11-dUTP [PCR conditions for NPY: 94°C for 3 min; 94°C for 45 sec; 60°C for 45 sec; 72°C for 45 sec (total of 25 cycles), and then 72°C for 7 min; PCR conditions for BDNF: 94°C for 2 min; 94°C for 30 sec; 57°C for 30 sec; 72°C for 90 sec (total of 30 cycles), and then 72°C for 10 min]. After PCR, sections were mounted on slides, and NPY-or BDNF-positive cell bodies were detected using alkaline phosphatase-conjugated anti-DIG Ab and subsequent staining of the complex with the specific substrate nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indoyl-phosphate (Roche Molecular Biochemical, Mannheim, Germany). The optical density (OD) of positive cell bodies was calculated with an Image analyzer (Loats Associates). The OD of the negative brain sections was subtracted from the positive brain sections. The OD of positive cell bodies in the defined brain structures of three adjacent brain sections of each mouse was calculated, and values were averaged for each mouse. The results are represented as the mean OD per 100 pixel area.
Data analysis. Specific subgroup (between wild-type and CREBhaplodeficient mice) comparisons were performed using the nonparametric Mann-Whitney U Test. The differences between these groups were also analyzed by ANOVA followed by multiple comparisons versus wild-type mice with Dunnett's test as well as post hoc comparisons between the groups by Tukey's test.
Results

Protein levels of p-CREB in CREB-haplodeficient (؉/؊) and wild-type littermate mice
Because it has been shown that complete deletion of the major isoforms of CREB (␣ and ⌬ isoforms) is associated with upregulation of CREB-␤ (minor isoform) in the brain (Hummler et al., 1994; Blendy et al., 1996) , we evaluated the basal protein levels of total and phosphorylated CREB (Ser-133) in the brain of CREBhaplodeficient and wild-type littermate mice. Here we have shown CREB and p-CREB-positive nuclei in the central amygdala of CREB-haplodeficient (ϩ/Ϫ) and wild-type (ϩ/ϩ) mice (Fig. 1A) as representative brain regions. It was found that both total CREB and p-CREB levels are lower throughout the brain regions (cortical, hippocampal, amygdaloid, nucleus accumbal, and hypothalamic structures) of CREB-haplodeficient mice compared with wild-type mice (Fig. 1A,B) . These results provide evidence that the CREB-haplodeficient mice have lower levels of total and functional CREB across various brain regions.
Expressions of CREB-related target genes in CREBhaplodeficient (؉/؊) and wild-type littermate mice
It has been shown that NPY and BDNF are CREB target genes (Shieh et al., 1998; McClung and Nestler, 2003; Pandey, 2003) . We therefore evaluated whether haplodeletion of CREB (␣ and ⌬ isoforms) is associated with the decreased expression of CREB target genes. The expression of NPY and BDNF was measured in the brains of CREB-haplodeficient and littermate wild-type mice. Here we have shown NPY and BDNF expression (mRNA and protein levels) in the central amygdala of CREB-haplodeficient (ϩ/Ϫ) and wild-type (ϩ/ϩ) mice (Figs. 2A, 3A) as representative brain regions. It was found that NPY and BDNF expression (mRNA and protein levels) was lower throughout the brain regions (cortical, hippocampal, amygdaloid, nucleus accumbal, and hypothalamic structures) studied in CREB-haplodeficient mice compared with wild-type mice (Figs. 2B, 3B) . These results provide evidence that CREB-haplodeficient mice have a lower expression of CREB target genes such as NPY and BDNF. We also measured the protein levels of NeuN in the brain structures of CREB-haplodeficient and wildtype mice. Here we have shown NeuN-positive nuclei in the central amygdala of CREB-haplodeficient (ϩ/Ϫ) and wild type (ϩ/ϩ) mice ( Fig. 2A, bottom panel) as representative brain regions. It was found that the numbers of neurons are similar and that there is no neuronal loss in the brain structures of CREBhaplodeficient mice (data not shown). These results indicate that decreased expression of NPY and BDNF are not caused by the loss of neurons in the brain structures of CREB-haplodeficient mice.
Alcohol and sucrose preference in CREB-haplodeficient (؉/؊) and littermate wild-type mice We used male CREB-haplodeficient mice (ϩ/Ϫ) and matched littermate wild-type (F 2 generation; 3-6 months old) mice to measure alcohol-drinking behaviors using the two-bottle freechoice paradigm. When mice started drinking water equally from either bottle, they were given a continuous free choice of drinking from two bottles, one containing water and the other containing 7% ethanol in water for 3 d; the concentration of ethanol was then increased to 9% for 3 d and to 12% for 3 d. It was found that CREB-haplodeficient mice consumed significantly higher (ϳ50%) amounts of alcohol solution (7, 9, and 12%) compared with their respective wild-type littermate mice (Fig. 4 A) . We also calculated the results in terms of ethanol consumption relative to total fluid intake (ethanol-preference ratio). CREBhaplodeficient (ϩ/Ϫ) mice showed a higher preference for ethanol over water during access to the 7, 9, and 12% ethanol solutions (Fig. 4 B) . These results clearly indicate that CREBhaplodeficient (ϩ/Ϫ) mice have a higher preference for ethanol over water compared with their wild-type littermates.
To determine whether increased preference for ethanol is related to taste preference, we measured sucrose preference in separate groups of mice using the two-bottle free-choice paradigm. It was found that sucrose (2 or 4%) consumption was similar among the genotypes (Fig. 4C) . These results indicate that increased ethanol consumption by CREB-haplodeficient mice is not related to taste preference.
Anxiety-like behaviors and p-CREB and NPY: effects of acute ethanol injection
To determine the association between anxiety-like behaviors and alcohol intake, we also measured the anxiolytic effects of ethanol and injected 2 gm/kg ethanol (intraperitoneally) or normal saline in CREB-haplodeficient and littermate wild-type mice. After 1 hr of ethanol injection, anxiety-like behavior was measured using the EPM test. It was found that CREB-haplodeficient mice displayed more baseline anxiety-like behaviors (decreased openarm activity) than wild-type mice (Fig. 5B) . Ethanol produced anxiolytic effects (displayed increased open-arm activity) in both CREB-haplodeficient and wild-type mice as compared with their respective control groups, but the magnitude of this effect was significantly less in CREB-deficient mice compared with littermate wild-type mice injected with ethanol (Fig. 5B) . The general activity of the mice was not altered either by alcohol or normal saline injection or by deletion of the CREB gene as measured by the total number of arm entries in the EPM test (Fig. 5B) . We also measured blood ethanol levels 1 hr after ethanol injection. It was found that the mean Ϯ SEM of blood ethanol levels (milligram percentage) were similar in CREB-haplodeficient and wild-type mice (Fig. 5A) . These results indicate that increased ethanol consumption by CREB-haplodeficient mice is not related to differences in ethanol metabolism. The brains from these mice were also analyzed for the measurement of p-CREB and NPY protein levels in the amygdaloid brain structures. It was found that a single alcohol injection after 1 hr significantly increased the p-CREB and NPY protein levels in the central and medial amygdala but not the basolateral amygdala of CREB-haplodeficient and wild-type mice compared with their respective control group; however, the protein levels of p-CREB and NPY were still significantly less in the central and medial amygdala of alcoholinjected CREB-deficient compared with saline-injected wildtype mice (Fig. 5C ). These results suggests that CREB may also play a role in the anxiolytic action of ethanol, and this may be mediated via increased expression of NPY in the central and medial amygdala.
Discussion
The novel observation of the present study is that CREBhaplodeficient mice have a higher preference for ethanol than their wild-type littermates. The direct relationship between the CREB gene deficiency and increased alcohol drinking behaviors is striking. Several previous studies have reported that various components of the cAMP second messenger pathways are important in alcohol dependence and preference (Yang et al., 1998 (Yang et al., , 2003 Hoffman and Tabakoff, 1990; Thiele et al., 2000; Misra et al., 2001; Yao et al., 2002) , but this is the first report that causally implicates the role of the CREB gene in alcohol-drinking behaviors. Another interesting observation of the present study is that CREB-haplodeficient mice displayed more anxiety-like behaviors, and the anxiolytic action of acute ethanol was less in these mice compared with wild-type mice.
There are three isoforms of CREB, namely ␣, ⌬, and ␤ . The CREB ␣ and ⌬ isoforms are the major isoforms in adult brain and play a role in synaptic plasticity Mantamadiotis et al., 2002) . The deletion of CREB (␣ and ⌬ isoforms) in CREB homozygous (Ϫ/Ϫ) and heterozygous (ϩ/Ϫ) knock-out mice leads to a compensatory increase in the levels of the CREB-␤ isoform, a minor isoform . The role of the CREB-␤ isoform is not known at the present time because it is less abundant in the adult brain . This isoform plays a crucial role during development because if mice lack all three isoforms, they cannot live (Rudolph et al., 1998) . CREB (␣ and ⌬) homozygous and heterozygous mice are viable and grow normally without abnormalities in brain histology (Hummler et al., 1994; Blendy et al., 1996) . The levels of some isoforms of the cAMP responsive element modulator and the activation transcription factor-1 protein are also increased in CREB ␣/⌬ homozygous (Ϫ/Ϫ) mice (Hummler et al., 1994) . Despite this upregulation, it has been shown that CREB-DNA binding activity, CREB, and p-CREB levels are reduced (ϳ90%) in the brain of CREB ␣/⌬ homozygous (Ϫ/Ϫ) knock-out mice (Pandey et al., 2000; Walters and Blendy, 2001; Walters et al., 2003) . We extended these studies in CREB heterozygous (ϩ/Ϫ) mice and examined the status of total and p-CREB in brain structures of CREB-haplodeficient (ϩ/Ϫ) mice. Our data indicate that CREB heterozygous (ϩ/Ϫ) mice have ϳ40% less total CREB and p-CREB (serine-133) protein levels in the various brain structures that we studied (cortical, hippocampal, amygdaloid, nucleus accumbal, and hypothalamic structures) compared with wild-type mice. These results suggest that p-CREB levels are lower because of decreased levels of total CREB in the brain of CREB-haplodeficient mice. We also found that haplodeletion of CREB ␣ and ⌬ genes is associated with the decreased expression of CREB target genes such as NPY and BDNF in the brain structures of CREB-deficient mice compared with wild-type mice. These results clearly suggest that although the CREB-␤ isoform is slightly upregulated in the brain of CREB ␣-and ⌬-haplodeficient mice , the protein levels of total CREB and p-CREB and expressions of CREB-related genes such as NPY and BDNF are lower in the brain structures of these mice compared with wild-type mice. Furthermore, reductions in protein levels of CREB, p-CREB, NPY, and BDNF are not caused by neuronal loss because CREB-haplodeficient mice have numbers of neurons similar to those of wild-type mice.
The nucleus accumbens (NAc) and amygdaloid structures are part of the extended amygdala circuitry and have been associated with rewarding, reinforcing, and motivational aspects of drugs of abuse including ethanol (Koob et al., 1998; Koob, 2000 Koob, , 2003 McBride, 2002) . Because the CREB gene is deleted globally in CREB-haplodeficient mice, it is difficult to pinpoint which neurocircuitry is involved in the actions of CREB on anxiety and alcohol-drinking behaviors of these mice. NAc CREB has been implicated in the preference for morphine and cocaine (Carlezon et al., 1998; Nestler, 2001; Walters and Blendy, 2001; McClung and Nestler, 2003) . For example, CREB overexpression in the NAc reduced the rewarding properties of cocaine and morphine (Carlezon et al., 1998; Nestler, 2001) . Also, CREB ␣/⌬ homozygous (Ϫ/Ϫ) mice show an increased preference for cocaine (Walters and Blendy, 2001) . It has been shown that elevating cAMP levels by the infusion of the phosphodiesterase inhibitor (rolipram) into the NAc or intraperitoneal injection of rolipram can block the initiation of cocaine self-administration and alter the brain stimulation reward for cocaine (Knapp et al., 1999 (Knapp et al., , 2001 . Chronic voluntary ethanol exposure significantly decreases CREB phosphorylation in the NAc of rats (Misra et al., 2001; Li et al., 2003) , and CREB expression and phosphorylation are lower in the shell structures of the NAc but not in other brain structures of C57BL/6 as compared with DBA/2 mice (Misra and Pandey, 2003) . On the other hand, C57BL/6 mice do not display higher anxiety-like behaviors but consume higher amounts of alcohol compared with DBA/2 mice (Misra and Pandey, 2003) . Interestingly, overexpression, but not the decreased expression, of CREB in the NAc (shell structures) increases anxiety-like behaviors in rats (Barrot et al., 2002) . Taken together, these results suggest that decreased CREB function in the NAc may be involved in increased preference for morphine, cocaine, or ethanol but not in anxiety-like behaviors. In light of these data, it can be suggested that decreased CREB in the NAc of CREBhaplodeficient mice may be involved in the reward mechanisms of alcohol-drinking behaviors but not in anxiety-like behaviors.
Both clinical and epidemiological studies have shown that individuals who are anxious show a greater vulnerability to alcohol abuse (Bibb and Chambless, 1986; Wilson, 1988; Koob, 2003) . Amygdaloid brain structures, particularly the CeA, play a crucial role in anxiety and motivational aspects of alcoholdrinking behaviors (Davis, 1997; Koob, 2003) . We tested the possibility that CREB-haplodeficient mice may have higher anxiety levels because of lower CREB levels in the amygdala and that they drink more ethanol to self-medicate their higher level of anxiety behaviors. It was found that CREB-haplodeficient (ϩ/Ϫ) mice have higher baseline anxiety-like behaviors than their wild-type littermates. Other investigators have also found that CREBhomozygous (Ϫ/Ϫ) mice displayed more anxiety-like behaviors (Graves et al., 2002) . Interestingly, acute ethanol exposure produces anxiolytic effects in wild-type mice, and this effect is attenuated in CREB-haplodeficient mice. We also measured the p-CREB and NPY protein levels in amygdaloid structures and found that acute ethanol exposure significantly increased p-CREB and NPY protein levels in the central and medial but not the basolateral amygdala of wild-type mice. The ethanol exposure tended to increase but not completely normalize the p-CREB and NPY protein levels in the central and medial amygdala of CREBdeficient mice. These results suggest that CREB is crucial in the anxiolytic action of ethanol. Several studies support the possibility that CREB-haplodeficient mice display anxiety and alcohol- drinking behaviors because of the decreased expression of NPY in their amygdaloid brain structures. For example, NPY infusion into the CeA produces anxiolytic effects in rats (Heilig et al., 1993) , and NPY null (Ϫ/Ϫ) mutant mice display more anxietylike behaviors and consume larger amounts of ethanol than wild-type mice (Thiele et al., 1998) . More recently, we observed that inhibition of CREB phosphorylation in the CeA via a PKA inhibitor causes a reduction in the expression of NPY. Behaviorally, these rats display more anxietylike behaviors and have a higher preference for ethanol. On the other hand, infusions of exogenous NPY into the CeA prevent PKA inhibitor-induced increased ethanol preference in rats (Pandey et al., 2003a,b) . It has been shown that CREB phosphorylation and NPY expression are lower in rat amygdaloid and cortical structures during withdrawal after chronic ethanol exposure (Pandey et al., , 2003b Zhang and Pandey, 2003) . Infusions of PKA activator into the CeA during ethanol withdrawal significantly normalized the reduction in CREB phosphorylation and NPY expression and also prevented the development of anxiety-like behaviors in rats (Pandey et al., 2003b; Zhang and Pandey, 2003) . Furthermore, CREB expression and phosphorylation and NPY expression are lower in the central and medial amygdala of P compared with NP rats, and voluntary ethanol intake significantly increased CREB phosphorylation and NPY expression in the central and medial amygdala and also decreased the anxiety-like behaviors of P rats (Pandey et al., 2003a ; our unpublished observations). These results suggest clearly that decreased CREB phosphorylation in the central and medial amygdala may be involved in anxiety-like behaviors and that ethanolwithdrawn rats or P rats or CREB-haplodeficient mice consume more ethanol to maintain normal CREB function, thereby decreasing anxiety-like behaviors.
BDNF, another CREB target gene, plays an important role in synaptic plasticity (Shieh et al., 1998; Schinder and Poo, 2000) . It has been shown recently that the BDNF gene is involved in alcohol abuse (Uhl et al., 2001) , and BDNF-haplodeficient mice also have a higher preference for ethanol (Hensler et al., 2003) . Furthermore, BDNF conditional knock-out mice are more prone to anxiety-like behaviors (Rios et al., 2001 ). Thus it is also possible that higher ethanol preference or anxiety-like behaviors in CREB-haplodeficient mice may be related to the decreased expression of BDNF in the various brain structures of these mice.
Conclusions
The data collected here provide direct evidence to suggest that deletion (one allele) of CREB ␣ and ⌬ genes promotes alcoholdrinking and anxiety-like behaviors. This deletion is also associated with decreased expression of two prominent CREB-related genes; i.e., NPY and BDNF. These results indicate that CREBhaplodeficient (ϩ/Ϫ) mice may be an important molecular model for understanding the landscape of potential CREB target genes and their concomitant role in anxiety and alcohol-drinking behaviors. Future studies will be directed at investigating the role of the NPY and BDNF genes and several other CREB-related genes (Lonze and Ginty, 2002; McClung and Nestler, 2003) in the anxiety and alcohol-drinking behaviors of CREBhaplodeficient mice.
